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MULTIPLE-TIME PROGRAMMING
MEMORY CELLS AND METHODS FOR
FORMING THE SAME

PRIORITY CLAIM AND CROSS-REFERENCE

This application 1s a continuation of U.S. application Ser.
No. 14/316,259 entitled, “Multiple-Time Programming,
Memory Cells and Methods for Forming the Same” filed Jun.
26, 2014 which application 1s a divisional of U.S. patent
application Ser. No. 13/437,503 entitled “Multiple-Time Pro-
gramming Memory Cells and Methods for Forming the
Same,” filed on Apr. 2, 2012, which applications are incorpo-
rated herein by reference.

BACKGROUND

Multiple-Time Programming (MTP) memory cells retain
the information stored in the memory cells even when the
power 1s turned oif. Typically, to form the MTP memory cells,
a standard Complementary Metal-Oxide-Semiconductor
(CMOS)-based logic process 1s used as a starting foundation.
Additional process steps may be 1mcorporated mnto the logic
process flow to form the MTP memory cells. Examples of
such additional process steps include second polysilicon
deposition, junction dopant optimization, etc. MTP memory
cells typically require large capacitors in order to improve the
eificiency 1n the programming of the MTP memory cells.
Accordingly, the chip areas occupied by the MTP memory
cells are large.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the embodiments,
and the advantages thereol, reference 1s now made to the
tollowing descriptions taken 1n conjunction with the accom-
panying drawings, in which:

FIG. 1 illustrates a layout of a portion of a Multiple-Time
Programming (MTP) memory cell;

FIGS. 2 through 6 are cross-sectional views of intermedi-
ate stages in the manufacturing of a MTP memory cell 1n
accordance with some exemplary embodiments;

FIGS. 7 and 8 illustrate a perspective view and a schematic
cross-sectional view, respectively, of the portion of the MTP
memory cell; and

FI1G. 9 1llustrates a layout of a MTP memory cell 1n accor-
dance with alternative embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

(Ll

The making and using of the embodiments of the disclo-
sure are discussed 1n detail below. It should be appreciated,
however, that the embodiments provide many applicable
inventive concepts that can be embodied 1n a wide variety of
specific contexts. The specific embodiments discussed are
illustrative, and do not limit the scope of the disclosure.

A Multiple-Time Programming (MTP) memory cell and
the methods of forming the same are provided in accordance
with various exemplary embodiments. The intermediate
stages of forming the MTP memory cell are 1llustrated. The
variations of the embodiments are discussed. Throughout the
various views and illustrative embodiments, like reference
numbers are used to designate like elements.

FI1G. 11llustrates a layout of a portion of MTP memory cell
20. The 1llustrated portion includes active regions 22 and 24.
Active regions 22 and 24 are parts of semiconductor regions
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1solated from each other by 1solation region(s) 26. In accor-
dance with some embodiments, active regions 22 and 24 are
formed of crystalline silicon. In other embodiments, active
regions 22 and 24 are formed of other semiconductor mate-
rials such as silicon germanium, silicon carbon, or the like.
Isolation regions 26 may be Shallow Trench Isolation (ST1)
regions, and hence are referred to as STI regions 26 herein-
alter. Floating gate 28 extends over active regions 22 and 24
and STI regions 26, and 1s electrically tloating.

A first portion (also referred to as the first floating gate
hereinafter) of floating gate 28 and active region 22 form
transistor 30, wherein active region 22, when doped, forms
the source and drain regions of transistor 30. Transistor 30
may be the erase transistor of MTP memory cell 20 1n some
exemplary embodiments. It 1s appreciated that MTP memory
cell 20 may also include additional transistors, capacitors,
and the like (as illustrated in exemplary FIG. 9). A second
portion (also referred to as the second floating gate hereinai-
ter) of tloating gate 28 and active region 24 form coupling
capacitor 32, wherein the second portion of floating gate 28
torms the upper capacitor plate of coupling capacitor 32, and
doped active region 24 forms the lower capacitor plate. Con-
tact plugs 34 may be formed to connect to the source and drain
regions of transistor 30. Contact plug 36 1s formed to connect
to the lower capacitor plate that 1s formed 1n active region 24.
Throughout the description, the region in which transistor 30
1s to be formed 1s referred to as transistor region 100, and the
region 1n which coupling capacitor 32 1s to be formed 1s
referred to as capacitor region 200. A perspective view of
transistor 30 and coupling capacitor 32 1s 1llustrated in F1G. 7.

FIGS. 2 through 6 1llustrate cross-sectional views of inter-
mediate stages 1 the manufacturing of the portion of MTP
memory cell 20 1n accordance with some exemplary embodi-
ments. The cross-sectional views in FIGS. 2 and 6 are
obtained from the plane crossing line 2-2 1n FIGS. 1 and 7.
Referring to FIG. 2, an initial structure i1s formed, which
includes ST1 regions 26 and active regions 22 and 24. Active
regions 22 and 24 may be parts of original substrate 23, which
may be a silicon substrate, although other semiconductor
materials may be used. The formation of STI regions 26
includes forming and patterning pad oxide layers 40 and hard
mask layers 42, and etching portions of substrate 23 that are
not covered by the patterned pad oxide layers 40 and hard
mask layers 42 to form recesses. The recesses are then filled
with dielectric materials to form STI regions 26. After the
filling of the dielectric materials, excess portions of the
dielectric materials over the surfaces of hard mask layers 42
are removed, for example, in a Chemical Mechanical Polish
(CMP) process. Hard mask layers 42, which may comprise
silicon nitride, may be used as the CMP stop layers. The
resulting structure 1s shown 1n FIG. 2.

Next, referring to FIG. 3, photo resist 44 1s formed to cover
the features 1n transistor region 100. Portions of hard mask
layer 42 and some portions of STI regions 26 1n capacitor
region 200 are exposed through opening 45 1n photo resist 44,
and the rest of the portions may be covered. Next, the exposed
portions of STI regions 26 are etched to form recesses 46 1n
STIregions 26. Sidewalls 24 A of active region 24 are exposed
to recesses 46. In some embodiments, depth D1 of recesses 46
1s smaller than height H1 of active region 24. Depth D1 may
also be between about 30 percent and about 85 percent height
H1. During the etching of ST1 regions 26, the portions of STI
regions 26 1n transistor region 100 are not etched. After the
etching of STI regions 26, photo resist 44 1s removed.

Hard mask layers 42 are then removed, and the resulting
structure 1s shown 1 FIG. 4. A p-type implantation 1s per-
formed to dope active regions 22 and 24 and portion of sub-
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strate 23. As a result of the implantation, p-well region 48 1s
formed 1n substrate 23. Active regions 22 and 24 are parts of
the p-well region 48. The p-type implantation 1s symbolized
by arrows 30. The implantation may include a plurality of
implantations performed with different energy levels, so that
the resulting p-well region 48 may extend from the top sur-
face of active regions 22 and 24 to a level lower than the
bottom surfaces of STI regions 26. In addition, an n-type
implantation (symbolized by arrows 52) 1s performed to dope
the features in capacitor region 200. During the n-type
implantation, transistor region 100 1s masked by a mask such
as a photo resist (not shown), and hence 1s not implanted.

The energy for the n-type implantation may be lower than
the p-type implantation, so that a surface layer of active
region 24, including the top surface layer and side surface
layers of active region 24, 1s doped to form n-type region 54.
The inner and lower portions of active region 24 and substrate
23 are not implanted, and thus remain to be of p-type. The
resulting n-type region 34 1s surrounded by p-well region 48,
and the bottom surfaces of n-type region 34 are in contact
with p-well region 48. In some embodiments, n-type region
54 may further extends into p-well region 48 and overlaps a
portion of STI regions 26. As shown 1n FIG. 4, n-type region
54 includes top surface portion 54A that 1s over the top
surface of active region 24, sidewall portions 54B that are on
the sidewalls of active region 24, and lower portions 34C that
are 1 p-well region 48 and under portions of STI regions 26.
Portions 54C are also underlying recesses 46. Sidewall por-
tions 54B are further lower than the bottom surface of surface
portion 54A. In alternative embodiments wherein the por-
tions of STI regions 26 under recesses 46 are thick enough,
lower portions 54C may not be formed.

Next, pad oxide layers 40 are removed, and the resulting
structure 1s shown 1n FIG. 5. An oxidation may be performed
to oxidize a surface layer of each of active regions 22 and 24,
so that gate oxide 56 and capacitor insulator 58 are formed 1n
transistor region 100 and capacitor region 200, respectively.
The upper portion of n-type region 54 1s oxidized, and the
lower portion of n-type region 34 1s not oxidized. Accord-
ingly, the bottom surface of capacitor insulator 58 1s 1n contact
with the top surfaces of the remaining lower portions of
n-type region 54. Capacitor insulator 58 also includes top
surface portion S8A and sidewall portions 58B, wherein side-
wall portions 58B 1s lower than the bottom surface of top
surface portion 58A.

In FI1G. 6, a conductive material 1s formed and patterned to
form floating gate 28. Floating gate 28 extends into transistor
region 100 to form the gate electrode of the resulting transis-
tor 30 (FIG. 1). In some embodiments, tloating gate 28 com-
prises polysilicon, although other conductive materials may
be used. Floating gate 28 extends into capacitor region 200 to
form the upper capacitor plate of the resulting coupling
capacitor 32 (please also refer to FIG. 1). Furthermore, float-
ing gate 28 comprises portions extending into recesses 46
(F1G. 4), which portions are lower than the top surfaces of ST1
regions 26, and lower than the top surfaces of active regions
22 and 24.

In subsequent steps, the remaining components of transis-
tor 30 and coupling capacitor 32 are formed, which compo-
nents are schematically 1llustrated 1n FI1G. 8. The correspond-
ing perspective view 1s shown 1n FIG. 7. FIG. 8 1s obtained
from the plane crossing line 8-8 1n FIG. 7. It 1s appreciated
that in FIG. 8, transistor 30 and pickup region “B” are illus-
trated 1n the same plane as coupling capacitor 32, although
they are actually not 1n the same plane in FIG. 7. As shown in
FIG. 8, a Lightly-Doped Drain/source (LDD) implantation 1s
performed to form LDD regions 62 and 64, wherein LDD
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regions 62 and 64 are of n-type, and extend under floating gate
28. A turther implantation 1s performed to form heavily doped
source region (which node i1s denoted as “S””) and drain region
(which node 1s denoted as “D”) 66 for transistor 30 and
heavily doped regions 68 for coupling capacitor 32. Contact
plugs 34 and 36 are formed to connect to source/drain regions
66 of transistor 30 and heavily doped regions 68 of coupling
capacitor 32, respectively.

In the resulting coupling capacitor 32, heavily doped
region 68, LDD regions 64, and n-type region 54 form the
lower capacitor plate of coupling capacitor 32. The lower
capacitor plate may be accessed through contact plug 36,
which 1s marked as node “G,” indicating that 1t may act as the
programming gate of the respective MTP memory cell 20.
Floating gate 28 forms the upper capacitor plate of coupling
capacitor 32. Capacitor insulator 58 separates the lower
capacitor plate from the upper capacitor plate. Bulk contact,
which 1s marked as “B.” 1s used to electrically connect to
pickup region 69 of p-well region 48.

As shown 1n FIG. 5, since n-type region 54 includes a top
portion and sidewall portions, the area of coupling capacitor
32, and hence the capacitance of coupling capacitor 32 is
increased without requiring the increase in the occupied chip
area.

Although the embodiments 1n FIGS. 2 through 6 provide
methods of forming an n-type transistor and a capacitor that
has an n-type lower capacitor plate, one skilled 1n the art wall
realize that the teaching of the embodiments 1s readily avail-
able for the formation of a p-type transistor and a capacitor
that has a p-type lower capacitor plate, with the conductivity
types of the respective well regions, LDD regions, heavily
doped region, and/or the like, inverted.

FIG. 9 1llustrates a MTP memory cell 20 in accordance
with alternative embodiments. MTP memory cell 20 includes
erase transistor (or capacitor) 70, which 1s controlled through
crase gate 74. MTP memory cell 20 further includes select
transistor 76, which 1s coupled to bit-line 78. Active region
80, which 1s 1n a p-well region, forms select transistor 76 and
coupling capacitor 77 with gate electrode 82 and tloating gate
28, respectively. Contact plug 84 may be coupled to a source
line. Active region 24 forms a large region, wherein floating
gate 28 overlaps a left portion of active region 24 to form
coupling capacitor 32. The right portion of active region 24 1s
used for forming heavily doped region 68 and contact plugs
36. Rectangle 45 1s the region 1n which STI regions 26 are
ctched, wherein rectangle 45 correspond to opening 45 of
photo resist 44 1n FIG. 3. N-type region 54 1s also marked to
indicate the boundaries of the chip area recerving the n-type
implantation. The formation details of capacitor 32 may be
found through the embodiments shown in FIGS. 2 through 6,
and are not repeated herein.

In FIG. 9, therecesses (which corresponds to recesses 46 1n
FIG. 3) 1n STI region 26 are formed on three sides (including
the left side, the upper side, and the lower side) of active
region 24. Accordingly, the lower capacitor plate of coupling
capacitor 32 includes three sidewalls of active region 24. The
capacitance of coupling capacitor 32 i1s thus significantly
increased without increasing the chip area of active region 24.

In the programmaing, the erasing, and the reading of MTP
cell 20 as shown 1n FIGS. 7, 8, and 9, different voltages are
coupled to floating gate 28. Since tloating gate 1s electrically
floating, 1n FIG. 8, the voltage of tfloating gate 28 1s aflected
by the plurality of voltages such as the voltages of nodes *“S,”
“D,” and “G.” In FIG. 9, the voltage of floating gate 28 1is
alfected by the plurality of voltages such as the voltages of
teatures 74, 84, and 36. The details of the erasing, program-
ming, and reading of MTP cell 20 are not discussed herein.
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In the embodiments, by using the sidewalls of the active
regions (1n addition to the top surface of the active regions) to
form the coupling capacitors, the capacitance values of the
coupling capacitors may be significantly increased. The chip
areas of the M TP memory cells, however, are not increased.

In accordance with embodiments, a device includes an
active region and a coupling capacitor. The capacitor includes
a irst floating gate as an upper capacitor plate of the coupling
capacitor, and a doped semiconductor region as a lower
capacitor plate of the coupling capacitor. The doped semicon-
ductor region 1ncludes a surface portion at a surface of the
active region, and a sidewall portion lower than a bottom
surface of the surface portion. The sidewall portion 1s on a
sidewall ofthe active region. A capacitor insulator 1s disposed
between the upper capacitor plate and the lower capacitor
plate. The capacitor insulator includes an upper portion, and
a sidewall portion lower than a bottom surface of the upper
portion.

In accordance with other embodiments, an M TP memory
cell includes a first active region and a second active region, a
transistor, and a coupling capacitor. Portions of the first active
region form a source region and a drain region of the transis-
tor. A first floating gate acts as a gate electrode of the transis-
tor. The coupling capacitor includes a second tloating gate as
an upper capacitor plate, wherein the second floating gate 1s
clectrically coupled to the first floating gate. The second
floating gate includes a first portion over a top surface of the
second active region, and a second portion lower than the top
surface of the second active region. A capacitor insulator 1s
disposed between the second floating gate and the second
active region. The coupling capacitor further includes a lower
capacitor plate including a top surface layer and a side surface
layer of the second active region. The top surface layer and the
side surface layer of the second active region are doped to
have a same conductivity type.

In accordance with some embodiments of the present dis-
closure, a method includes forming ST1 regions to separate a
first active region and a second active region of a semicon-
ductor substrate from each other, etching a portion of the STI
regions that contacts a sidewall of the second active region to
form a recess, and implanting a top surface layer and a side
surface layer of the second active region to form an 1implan-
tation region. The side surface layer of the second active
region extends from the sidewall of the second active region
into the second active region. An upper portion of the top
surface layer and an upper portion of the side surface layer are
oxidized to form a capacitor insulator. A floating gate 1s
formed to extend over the first active region and the second
active region. The floating gate includes a portion extending
into the recess.

In accordance with some embodiments of the present dis-
closure, a method includes forming a coupling capacitor,
which further includes etching portions of STI regions on
opposite sides of a portion of a first active region to form
recesses. The opposite sidewalls of the first active region are
exposed to the recesses. The method further includes per-
forming a first implantation to dope a top surface portion and
a sidewall surface portion of the first active region to form a
lower capacitor plate of the coupling capacitor, and oxidizing
an upper portion of the top surface portion and an upper
portion of the sidewall surface portion to form an oxide layer.
A lower portion of the top surface portion and a lower portion
of the sidewall surface portion remain to be semiconductor
regions after the oxidation. A portion of a floating gate 1s
tormed over the oxide layer, with the portion of the tloating
gate configured as an upper capacitor plate of the coupling
capacitor.
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In accordance with some embodiments of the present dis-
closure, a method includes forming a coupling capacitor and
a transistor. The formation of the coupling capacitor includes
etching portions of STI regions on opposite sides of a portion
of a first active region to form recesses, and performing a first
implantation to dope a first surface portion and a second
surface portion of the first active region to form a lower
capacitor plate. The first surface portion 1s overlapped by a
portion of the STI regions, and the second surface portion 1s
higher than the first surface portion. An upper portion of the
second surface portion 1s oxidized to form an oxide layer,
wherein a lower portion of the second surface portion remains
to be a semiconductor region. A first portion of a tloating gate
1s formed over the oxide layer, with the first portion of the
floating gate configured as an upper capacitor plate of the
coupling capacitor. The formation of the transistor includes
forming a gate dielectric over a second active region, and
forming a second portion of the tloating gate over the gate
dielectric.

In accordance with yet other embodiments, a method
includes forming ST1 regions to separate a first active and a
second active region of a semiconductor substrate from each
other, and etching a portion of the STI regions to form a
recess. The etched portion of the STI regions contacts a side-
wall of the second active region. A top surface layer and a side
surface layer of the second active region are implanted to
form an 1implantation region, wherein the side surface layer of
the second active region extends from the sidewall of the
second active region into the second active region. An upper
portion of the top surface layer and an upper portion of the
side surface layer are oxidized to form a capacitor insulator. A
floating gate 1s formed to extend over the first active region
and the second active region, wherein the floating gate
includes a portion extending into the recess.

Although the embodiments and their advantages have been
described 1n detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the embodi-
ments as defined by the appended claims. Moreover, the
scope of the present application 1s not intended to be limited
to the particular embodiments of the process, machine, manu-
facture, and composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure, processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve sub-
stantially the same result as the corresponding embodiments
described herein may be utilized according to the disclosure.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps. In addi-
tion, each claim constitutes a separate embodiment, and the
combination of various claims and embodiments are within
the scope of the disclosure.

What 1s claimed 1s:

1. A method comprising:

ctching a portion of a Shallow Trench Isolation (STI)
region to form a recess, with a sidewall of a first active
region of a semiconductor substrate exposed to the
recess, wherein the ST region further comprises a lower
portion overlapped by the etched portion of the STI
region;

implanting a side surface layer of the first active region to
form an implantation region, wherein the side surface
layer 1s exposed to the recess;
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oxidizing an outer portion of the side surface layer to form
a capacitor 1nsulator of a capacitor; and

forming a conductive feature comprising a first portion
extending into the recess to form an upper capacitor
plate of the capacitor.

2. The method of claim 1, wherein the conductive feature
turther comprises:

a second portion forming a floating gate of a transistor; and

a third portion connecting the first portion to the second

portion, wherein the third portion is neither a part of the
capacitor nor a part of the transistor.
3. The method of claim 2 further comprising:
forming a gate dielectric of the transistor over a second
active region of the semiconductor substrate; and

when the conductive feature 1s formed, simultaneously
forming the floating gate, with the floating gate electri-
cally coupled to the upper capacitor plate.

4. The method of claim 3, wherein the forming the gate
dielectric comprises, when the oxidizing the outer portion of
the side surface layer 1s performed, simultaneously oxidizing
a top surface portion of the second active region to form the
gate dielectric.

5. The method of claim 3, wherein the forming the floating
gate comprises forming a polysilicon region continuously
extending over the first active region and the second active
region.

6. A method comprising:

forming a coupling capacitor comprising:

ctching a Shallow Trench Isolation (STI) region to form
a recess, with a sidewall of a first active region of a
semiconductor substrate exposed to the recess;
performing a first implantation to dope a sidewall sur-
face portion of the first active region to form a first
portion of a lower capacitor plate of the coupling
capacitor, wherein the sidewall of the first active
region 1s a sidewall of the sidewall surface portion;
oxi1dizing an outer portion of the sidewall surface portion
to form an oxide layer, wherein an inner portion of the
sidewall surface portion remains un-oxidized; and
forming a first conductive feature extending into the
recess, wherein first the conductive feature comprises
a sidewall contacting a sidewall of the oxide layer,
with the first conductive feature configured as an
upper capacitor plate of the coupling capacitor.

7. The method of claim 6 further comprising forming a
transistor comprising:

forming a gate dielectric over a second active region of the

semiconductor substrate;

forming a second conductive feature over the gate dielec-

tric, wherein the first conductive feature and the second
conductive feature are interconnected to form a tloating
gate; and

forming source and drain regions on opposite sides of the

gate dielectric and the floating gate.
8. The method of claim 6, wherein the sidewall surface
portion of the first active region 1s lower than a bottom surface
ol a top surface portion of the first active region, and the
method further comprises:
implanting the top surface portion of the first active region
during the first implantation to form a second portion of
the lower capacitor plate of the coupling capacitor; and

oxidizing an upper portion of the top surface portion of the
first active region during the oxidizing the upper portion
of the sidewall surface portion.

9. The method of claim 6 further comprising performing a
second implantation to dope the first active region and to form
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a well region, wherein the well region extends below a bottom
end of the sidewall surface portion of the first active region.

10. The method of claim 9, wherein an energy for the first
implantation 1s lower than an energy for the second implan-
tation.

11. The method of claim 6, wherein in the first implanta-
tion, a lower portion of the first active region overlapped by
the recess 1s doped to form a portion of the lower capacitor
plate.

12. The method of claim 11, wherein the lower portion of
the first active region 1s overlapped by a portion of the STI
region.

13. A method comprising:

forming a coupling capacitor comprising:

etching a portion of a Shallow Trench Isolation (STI)
region on a side of a portion of a first active region to
form a recess, wherein the first active region 1s a part
of a semiconductor substrate;

performing a first implantation to dope a first surface
portion and a second surface portion of the first active
region to form a lower capacitor plate, wherein the
first surface portion 1s overlapped by a portion of the
STI region, and the second surface portion 1s higher
than a bottom surface of the STI region;

oxidizing an upper portion of the second surface portion
to form an oxide layer, wherein a lower portion of the
second surface portion remains to be a semiconductor
region; and

forming a first portion of a tloating gate over the oxide
layer, with the first portion of the floating gate con-
figured as an upper capacitor plate of the coupling
capacitor.

14. The method of claim 13, wherein 1n the first implanta-
tion, a sidewall surface portion of the first active region 1s also
implanted to form a part of the lower capacitor plate, and
wherein the sidewall surface portion connects the second
surface portion to the first surface portion of the first active
region.

15. The method of claim 14, wherein 1n the oxidizing the
upper portion of the second surface portion, an outer portion
of the sidewall surface portion of the first active region 1s
oxidized.

16. The method of claim 14, wherein 1n the oxidizing the
upper portion of the second surface portion, an inner portion

of the sidewall surface portion of the first active region 1s not
oxidized.

17. The method of claim 13 further comprising performing
a second implantation to dope the first active region and to
form a well region, wherein the well region extends below a
bottom surface of the first portion of the first active region.

18. The method of claim 17 further comprising forming a
transistor comprising:

forming a gate dielectric over a second active region of the

semiconductor substrate; and

forming a second portion of the floating gate over the gate

dielectric.

19. The method of claim 1, wherein during the implanting,
both the outer portion and an inner portion of the side surtace
layer are implanted, and after the oxidizing, the inner portion
remains un-oxidized.

20. The method of claim 6, wherein the STI region further
comprises a lower portion overlapped by the etched portion of
the STT region.
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